Abstract Protein domain family PF06855 (DUF1250) is a family of small domains of unknown function found only in bacteria, and mostly in the order Bacillales and Lactobacillales. Here we describe the solution NMR or X-ray crystal structures of three representatives of this domain family, MW0776 and MW1311 from Staphyloccocus aureus and yozE from Bacillus subtilis. All three proteins adopt a four-helix motif similar to sterile alpha motif (SAM) domains. Phylogenetic analysis classifies MW1311 and yozE as functionally equivalent proteins of the UPF0346 family of unknown function, but excludes MW0776, which likely has a different biological function.
Introduction
Orthologs are homologs in different organisms that have the same biological function. In many applications it is critical to distinguish orthologous relationships from simple homology. Several important tools have been developed to identify orthologous relationships. COGs are Clusters of Orthologous Groups of proteins, representing reciprocal ''best hits'' between protein sequences of multiple genomes [1] . Classes of Reciprocal Sequence Homologues (CRSH) (www.orthology.org) are groups of homologous proteins likely to have equivalent biological functions. These classes are identified based on three criteria: (1) reconstructed orthology, that is relationship via speciation rather than in-genome duplication, (2) a relative similarity between different organisms that is consistent with other orthologous groups, and (3) the absence of large insertions or deletions in the protein sequence.
Orthologous proteins should also share common structural features such as protein folds and surface electrostatics. The NIH Protein Structure Initiative has included a significant effort in structural coverage of large, broadly conserved protein domain families. As part of this effort, the Northeast Structural Genomics Consortium (NESG) targeted multiple proteins from Pfam domain families for which no structural representatives were known at the time of target selection. Structural descriptions of protein domain families could then complement and support the identification of orthologous proteins.
In this paper, we describe the three-dimensional structures of three proteins from protein domain family PF06855 (DUF1250) [2] : namely MW1311 (UniProtKB/ TrEMBL ID: Q7A0W3 or Y1311_STAAW; NESG ID: ZR218), MW0776 (UniProtKB/TrEMBL ID: Q7A1E8_STAAW; NESG ID: ZR215) and yozE (UniProtKB/TrEMBL ID: O31864 or YOZE_BACSU; NESG ID: SR391). This domain family consists of hypothetical, acidic (pI * 4.5) proteins approximately 70 residues in length. Sequence alignment reveals that there is 24 % sequence identity between yozE and MW1311, 20 % between MW0776 and MW1311, and 19 % between MW0776 and yozE (Fig. 1a) . However, despite the sequence similarity between these proteins, the CRSH database of functionally equivalent bacterial proteins segregates yozE and MW1311 from MW0776, suggesting that they belong to two different families of orthologous proteins, both of which are comprised of domains of unknown function. The structures described here support the identification of MW1311 and yozE as orthologs, and the suggestion from CRSH analysis that MW0776, which has significantly different surface charge distribution, may have a different biological function.
Materials and methods

Cloning, expression and protein purification
Isotopically-enriched samples of MW0776 and yozE for NMR spectroscopy and selenomethionine-labeled MW1311 for X-ray crystallography were cloned, expressed, and purified following standard NESG protocols [3] . Specifically, the genes for MW0776 and MW1311 from Staphlococcus aureus and yozE from Bacillus subtilis were amplified from genomic DNA and cloned into the pET21_NESG vector (Novagen) in frame with a C-terminal affinity tag (LEHHHHHH). MW0776 had an additional 5 residues (MAGDP) added to the N-terminus. The resulting plasmids pZR215-21.1, pSR391-21.2, and pZR218-21.1, coding for the recombinant 80 residue MW0776, 82 residue yozE and 81 residue MW1311 proteins, respectively, were transformed into E. coli BL21(DE3) pMGK cells. Proteins were expressed overnight at 17°C in MJ9 minimal media containing U-( 15 NH 4 ) 2 SO 4 and U-13 C-glucose as the sole nitrogen and carbon sources for the isotopically-enriched NMR samples [4] , and in MJ9 minimal media supplemented with selenomethionine, lysine, phenylalanine, threonine, isoleucine, leucine, and valine for selenomethionine-labeled samples [5] . Proteins were purified using an Ä KTAxpress system (GE Healthcare) with a two-step protocol consisting of IMAC (HisTRAP HP) and gel filtration (HiLoad 26/60 Superdex 75) chromatography.
Final yields of 10 mg of [U- 13 A final yield of 26 mg of selenomethionine-labeled MW1311 was obtained per liter of cell culture and concentrated to 12 mg/mL in 100 mM NaCl, 5 mM DTT, 0.02 % (w/v) NaN 3 , 10 mM Tris-Cl pH 7.5. Protein purity and molecular mass were confirmed by SDS-PAGE and MALDI-TOF mass spectrometry (10,076.89 Da observed vs. 10,075.50 Da expected for the selenomethioninelabeled protein).
NMR spectroscopy and structure refinement of MW0776 and yozE All NMR data for resonance assignment and structure determination were collected at 293 K on Bruker AVANCE 800 MHz or Varian INOVA 600 MHz spectrometers equipped with 5 mm TXI cryo probes, processed with NMRPipe [6] and visualized using SPARKY (Goddard and Kneller, University of California, San Francisco). [40] . Boxed residues colored shaded red and white represent residues that have 100 or 50 % sequence identity, respectively. The secondary structure elements found in the crystal structure of MW1311 are shown above the alignment. b The crystal structure of MW1311 from Staphlococcus aureus. The two protomers found in the asymmetric unit are shown. Each chain is colored from blue to red from its N-to C-terminus. The a-helices are labeled in one of the monomers. c Stereoview of the final ensemble of 20 conformers from the solution NMR structure of MW0776 from Staphlococcus aureus. The chain is colored from N-to C-terminus according to b. d Stereoview of the final ensemble of 10 conformers from the solution NMR structure of yozE from Bacillus subtilis. The chain is colored from N-to C-terminus according to b. e Least-squares superposition of MW1311 (colored from N-to C-terminus according to b), MW0776 (pink) and yozE (gray). The aligned proteins are rotated *90°to the left as that shown in c and d to better view the structural differences between the proteins. Electrostatic surface potential [41] of f MW1311 (shown as in b), g MW0776, and h yozE. The left of g and h show the protein orientated as in c and d, respectively. Fully saturated red and blue colors represent, respectively, negative and positive potentials of ±5 kT at an ionic strength of 0.2 M. i Least-squares superposition of yozE (electrostatic potential colored as in h) and the signal recognition particle (SRP, PDB id 2PXT) [37] . Only the RNA of the SRP structure is shown Three structural representatives of the PF06855 protein 165
All spectra were referenced to internal DSS. Complete 1 H, 13 C, and 15 N resonance assignments for MW0776 and yozE were determined using conventional triple resonance NMR methods. Backbone resonance assignments were made by AutoAssign 2.1 (MW0776) or AutoAssign 1.17 (yozE) [7] using peak lists for 2D 1 H-15 N HSQC and 3D HNCO, HNCA HN(CO)CACB and HNCACB spectra. Side chain assignment for MW0776 was completed manually using 3D HBHA(CO)NH, and (H)CCH-TOCSY experiments, and 3D HA(CACO)NH, HCCH-COSY, and C(CCO)NH-TOCSY experiments for yozE. Three-bond 3 J(H N -H a ) scalar couplings were determined using the 3D HNHA experiment [8] . Stereospecific isopropyl methyl assignments for all Val and Leu residues were deduced from characteristic cross-peak fine structures in high resolution 2D 1 H- 13 C HSQC spectra of [U-5 %-13 C, 100 %- [9] . Resonance assignments were validated using the Assignment Validation Suite (AVS) software package [10] and deposited in the BioMagResDB (BMRB accession number 16793 and 6976 for MW0776 and yozE, respectively).
The solution NMR structure of MW0776 was calculated using CYANA 2.1 [11] supplied with peak intensities from 3D simultaneous CN NOESY [12] (s m = 100 ms) spectra, together with broad dihedral angle constraints computed by TALOS [13] for ordered residues with confidence scores of 10. The 20 structures with lowest target function out of 400 in the final cycle calculated were further refined by restrained molecular dynamics in explicit water using CNS 1.2 [14, 15] and the PARAM19 force field, using the final NOE derived distance constraints, TALOS dihedral angle constraints, and hydrogen bond constraints derived from AutoStructure 2.2.1 [16] and CYANA. The final refined ensemble of 20 structures was deposited into the Protein Data Bank (PDB ID 2KVS) and BioMagResDB (BMRB accession number, 16793).
The solution NMR structure of yozE was calculated using AutoStructure 2.1.1 [16] supplied with peak intensities from 3D 13 C edited NOESY and 15 N edited NOESY (s m = 80 ms) spectra, together with broad dihedral angle constraints computed by HYPER [17] and TALOS [13] (/ ± 30°; w ± 30°) for ordered residues with confidence scores of 10. The 10 structures with lowest target function out of 56 in the final cycle calculated were further refined by restrained molecular dynamics in explicit water using CNS 1.1 [14, 15] and the PARAM19 force field, using the final NOE derived distance constraints, TALOS dihedral angle constraints, and hydrogen bond constraints derived from AutoStructure 2.1.1 [16] . The final refined ensemble of 10 structures was deposited into the Protein Data Bank (PDB ID 2FJ6) and BioMagResDB (BMRB accession number, 6976).
Structural statistics and global structure quality factors (Table 1) , including Verify3D [18] , ProsaII [19] , PRO-CHECK [20] , and MolProbity [21] raw and statistical Z-scores, were computed using the PSVS 1.4 software package [22] . The global goodness-of-fit of the final structure ensemble with the NOESY peak list data and resonance assignments was determined using the RPF analysis program [23] .
Crystallization, data collection and structure refinement of MW1311
Crystallization screening of MW1311 was carried out at the Hauptmann-Woodward Institute high-throughput screening facility [24] and then further optimized manually by hanging drop vapor diffusion reactions at 18°C. The protein stock solution described above was mixed 1:1 with the precipitant containing 300 mM NH 4 F, 18 % PEG-3350, 50 mM MES, pH 6.5. Crystals of MW1311 appeared overnight and grew to full size in several days. The crystals were cryoprotected with paratone-N, prior to flash freezing in liquid propane for data collection at 100 K. A multiwavelength anomalous diffraction (MAD) data set to 2.1 Å resolution was collected from a single crystal on beamline X4A at the National Synchrotron Light Source at Brookhaven National Laboratory. The diffraction images were processed with HKL-2000 [25] ( Table 2) .
The crystal belongs to the orthorhombic space group P2 1 2 1 2 1 with cell dimensions of a = 29.22 Å , b = 52.16 Å , c = 115.27 Å . Assuming two protomers per asymmetric unit, the V m value is 2.2 Å 3 /Da, which is within the most probable range of values for proteins [26] . Of the 6 possible selenium sites in the ASU of the crystal, 4 were located with the program BNP [27] . SOLVE/RESOLVE [28] was used for phasing the reflections and automated model building, which correctly placed 75 % of the residues with side chains in each protomer of ASU. The majority of the model, including the initiating selenomethionines, was manually built with the program COOT [29] . Further refinement involved iterations of manual model-building in COOT [29] followed by computational refinement in CNS [15] (Table 2 ) using standard stereochemical restraints [30] in conjunction with a randomly selected R free set comprising *10 % of the reflections. B-factors were subject to vicinal restraints (1.5-2.0 Å 2 and 2.0-2.5 Å 2 for mainchain and side-chain atoms, respectively). Strong noncrystallographic symmetry restraints (1,050 kJ/Å 2 , r B = 1.5 for main chain atoms and 418 kJ/Å 2 , r B = 2.5 for side chain atoms) initially applied throughout the model were ultimately released completely to produce a considerable improvement in R free . Water-molecules automatically identified using CNS were checked for consistency with 2F o -F c maps and hydrogen-bonding criteria. The quality of the final structure was assessed with PSVS [22] . All residues were found in the most favored or additionally allowed regions of the Ramachandran Plot ( Table 2 ). The atomic coordinates and structure factors have been deposited in the Protein Data Bank (PDB ID 2O6K).
Results and discussion
In the CRSH database of functionally equivalent bacterial proteins (www.orthology.org), MW1311 and yozE belong to the same family of orthologous domains containing the UPF0346 proteins of unknown function. This eubacterial family is found only in 2 classes (Bacillales and Lactobacillales) and 7 genera. Its representation in no archaeal organisms and only 7 eubacterial organisms, representing less than 2 % of the [ 400 present in that database, suggests this protein family is unlikely to function in a conserved metabolic pathway and is more likely to function in secondary metabolism. In about half of the organisms containing an ortholog of UPF0346, the corresponding gene is located on the chromosome in close proximity to degV/degVA_1, ypmR/ycsK_1, and ypmS/yfaA_1. DegV is a hypothetical fatty acid binding protein [31] , YpmR/ ycsK_1 belongs to the 'GDSL' lipolytic enzyme family [32] , and YpmS/YfaA_1 is a putative membrane-associated protein [33] . These protein families are also limited to Bacillales and Lactobacillales and the consistent cooccurrence, and often co-localization, of all four genes suggests that they may be involved in a similar pathway. However, the same phylogenic analysis excludes MW0776 from the UPF0346 family and weakly suggests it belongs to a different family, also of unknown function, which includes yahF, a putative acyl-coA synthetase [34] .
Three-dimensional structural analysis was used to complement the CRSH analysis for identification of orthologous proteins. The structures of MW1311 and MW0776 consist of a four a-helix bundle comprised of two orthogonal helix-turn-helix motifs, or helix hairpins (Fig. 1b, c) , similar to the SAM domain-like fold in SCOP [35] . yozE has an additional small helix in the turn between the helices of the second helix hairpin (Fig. 1d) . The two hairpins are tethered by a 8-10 residue loop. This loop is disordered in the NMR solution structure of MW0776 (Fig. 1c) , but is well defined in the structures of MW1311 and yozE (Fig. 1b, d ). In fact, the main helices in the MW1311 and yozE structures align very well; least-squares superposition gives a root-mean-square-deviation (rmsd) of 1.3 Å for alignment of 63 Ca atoms (Fig. 1e) . MW0776 differs from the MW1311 and yozE structures in the orientation of the N-and C-terminal helices, with an overall rmsd of 3.2 and 2.9 Å with MW1311 (65 atoms) and yozE (70 atoms), respectively (Fig. 1e) . The electrostatic surface potential of the MW1311 and yozE protomers reveals a predominately negatively charged face on the side of the protein comprised of helices a3 and a4 (Fig. 1f, h ). The No. of water molecules 82
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Data collection and refinement statistics come from SCALEPACK [25] and CNS [15] respectively. The abbreviations RMSD and ASU stand for root-mean-square deviation and asymmetric unit, respectively a All observations with I C -3r I were merged and included in calculating data quality statistics b Reflections with f C 1.34 r f were included in calculating R-factors opposite face of the protein, comprised of a1 and a2, is predominately positively charged (Fig. 1h) . Surprisingly, this is the complete reverse of what is seen in the MW0776 structure (Fig. 1g) . Independent structural alignment analyses using the program DALI [36] show that MW0776, MW1311, and yozE are the most similar domains of known structure to each other when either one is used as the search model with Z-scores of 9.6 between MW1311 and yozE and *5 between either of those and MW0776. Similar domains of known function were found to be the RNA-binding domains of the signal recognition particle (SRP, PDB id 2PXT) [37] and T7 RNA polymerase (PDB id 1H38) [38] , with DALI Z-scores ranging from 3.2 to 4.8 for the different alignments. Structural alignment with SRP shows that the corresponding RNA-binding region is negatively charged in MW0776, MW1311, and yozE (Fig. 1i) , making it unlikely that these proteins bind RNA in the same way. Protein-protein and protein-RNA interactions via SAM domains have been reported for numerous proteins with diverse functions [39] . The charged patches on the surfaces of MW0776, MW1311, and yozE suggest that these proteins may also participate in protein-protein interactions. Analytical gel filtration chromatography with in-line static light-scattering and refractive index detectors show that the proteins are monomeric under the conditions used in the NMR studies or in the crystallization stock. However, the observed monomers of MW0776, MW1311, and yozE may homo-or hetero-oligomerize under different conditions and/or in the presence of binding partners. For example, MW1311 or yozE could have some role in fatty acid metabolism and interact with degV, ympR, or ypmS, given the co-occurrence and co-localization of these genes in *80 % of organisms containing an ortholog ( www.orthology.org).
Summary
We have determined the X-ray crystal structure of MW1311 from S. aureus and the solution NMR structures of MW0776 from S. aureus and yozE from B. subtilis. These are the first structural representatives of the Pfam domain family PF06855. Phylogenic and structural analyses indicate that this domain family can be further divided into at least two different subdomain families: the UPF0346 family comprised of MW1311 and yozE, and another family comprised of MW0776. However, the exact biological functions of these subdomains remain unknown.
